Experimental and results
Figure 1 is schematic illustrations of conventional capacitively-coupled plasma (C-CCP) source and CCP source with a RI system (RI-CCP). The both sources have shower head VHF electrode to which a 60 MHz VHF power was applied and lower grounded (GND) electrode. SiH 4 /H 2 plasma was generated between them. The RI-CCP source has an additional shower head-type upper GND electrode above the VHF electrode. In the case of the C-CCP, H 2 gas introduced through the VHF electrode with SiH 4 gas. In the case of RI-CCP, H 2 gas was introduced through the upper GND electrode in order to generate H 2 plasma between the upper GND and VHF electrodes. The SiH 4 /H 2 gas mixture ratio was 3% and total gas flow rate was 1000 sccm in the both cases. Total pressure was 9 Torr (1197 Pa). The distance between the VHF and lower GND electrodes was 10 mm, and that between the VHF and upper GND electrodes was 5 mm. The substrate temperature was 373 K. Two kinds of substrates, glass and quartz were placed on the lower GND electrode. The electron density in the SiH 4 /H 2 plasma region was measured using a 35 GHz microwave interferometer [5] . The crystallinity and defect density (n D ) of the deposited films were analyzed by Raman spectroscopy and electron spin resonance (ESR), re- s t r a c t s o f t h e 2 0 1 1 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , N a g o y a , 2 0 1 1 , p p 1 3 5 9 -1 3 6 0 L -2 -6 spectively. Figure 2 shows the electron density in the SiH 4 /H 2 plasma regions as a function of VHF power. The electron density increases with increasing the VHF power in both sources. The densities in the case of RI-CCP are lower than that in the C-CCP case; they are 44-72% of the C-CCP case. This indicates that the VHF power is applied to not only SiH 4 /H 2 plasma but also H 2 plasma at the RI-CCP case. Figure 3 shows the deposition rate as a function of VHF power. The deposition rate in the C-CCP case slightly increases from 2.8 to 3.2 nm/s with increasing the VHF power from 200 to 500 W and tends to saturate. Similarly, the deposition rate in the RI-CCP case increases from 2.0 to 3.0 nm/s with increasing the VHF power from 200 to 500 W and tends to saturate. The differences of the deposition rates between the C-CCP and RI-CCP cases are only 6-21%, although the differences of the electron densities are 28-56%. It is attributed to the fact that the H radicals supplied from the upper H 2 plasma could generate the SiH 3 radicals, which are dominant precursor, through the below reaction. H + SiH 4 → H 2 + SiH 3 (1) Figure 4 shows the peak intensity ratios of I c to I a , which correspond to crystalline and amorphous Si regions, respectively in Raman spectra, as a function of the VHF power. Values of n D are also indicated as a right axis. At VHF powers of 500 and 700 W, the I c /I a ratio in the RI-CCP case is higher than that of the C-CCP case. This indicates that the crystallinity of thin Si film is enhanced by the H radical injection at the RI-CCP case. On the other hand, n D of RI-CCP is lower than that of C-CCP. It is well-known that short lifetime species such as SiH 2 and SiH cause the defects. In the C-CCP, it is guessed that the short lifetime species increases with the VHF power, since SiH 4 , the scavenger of such the short lifetime species, is depleted. In the case of RI-CCP, it is deduced that the depletion of SiH 4 is hard to occur because the electron density is lower than that in the C-CCP case. Therefore, in the case RI-CCP, the density of short lifetime species is suppressed by the H radical injection, while enough H radicals are supplied from the upper H 2 plasma. As the result, the high crystallinity of thin Si film is kept without increase of the n D .
Conclusions
The PECVD with the RI system was proposed for deposition of thin Si films. It is demonstrated that the RI system can simultaneously realize the lower defect density and higher crystallinity of thin c-Si films compared with the conventional PECVD. 
